Abstract. In the present study, the precise mechanism of the enhancing action of histone deacetylase (HDAC) inhibitors on cisplatin (CDDP)-induced apoptosis was investigated using suberoylanilide hydroxamic acid (SAHA) in human oral squamous cell carcinoma cells (HSC-3). HDAC inhibitors are promising novel compounds for the treatment of cancer, which cooperate with chemotherapeutic agents to induce apoptosis. Apoptosis enhancement of HSC-3 cells by SAHA was accompanied by the activation of caspase-3, -8 and -9, suggesting a mitochondrial-dependent amplification loop. Concomitant treatment (CDDP/SAHA) of cells resulted in the most effective enhancement of apoptosis compared to other timing combinations. By means of cell-cycle synchronization, G 0 /G 1 -phase cells proved to be a more sensitive fraction to SAHA action than their synchronized counterparts in other phases. Furthermore, cells treated with SAHA revealed a decrease in intracellular reduced glutathione (GSH) contents. Of importance, the GSH synthesis inhibitor, diethyl maleate, decreased intracellular GSH and enhanced CDDP-induced apoptosis in a similar pattern of timing to SAHA. Thus, SAHA appears to disrupt the intracellular redox balance, which causes maximal apoptosis at the G 0 /G 1 phase arrested by CDDP in HSC-3 cells. These results demonstrate that HDAC inhibitors not only cause a change in the histone acetylation status, but are also able to influence the apoptotic process at several levels, and GSH plays a key role in governing SAHAdependent enhancement of CDDP-induced apoptosis.
Introduction
The use of cis-diamminedichloroplatinum (II) (cisplatin, CDDP)-based combination chemotherapy remains the standard treatment for oral squamous cell carcinoma; however, for advanced stage cancers, 5-year survival remains dismal, largely because both primary and recurrent cancers often develop resistance to CDDP. As a further complication, resistance to platinum-based compounds frequently leads to resistance to a broad cross-section of other functionally unrelated chemotherapeutic agents. Generally, the malignant phenotype of cancer cells results from a combination of genetic abnormalities and epigenetic modifications throughout acetylation, methylation, and chromatin remodeling, leading to the dysregulation of critical genes controlling cell proliferation, differentiation, and death (1) . Attention is currently focused on histone deacetylase (HDAC) inhibitors that represent a new class of targeted anti-cancer agents, either alone or in combination with other chemotherapeutic agents and/or radiation therapy in the treatment of cancer (2) . Indeed, we have provided evidence that low doses of HDAC inhibitors, including sodium butyrate (NaB), suberoylanilide hydroxamic acid (SAHA), and MS-275, cooperate with CDDP to induce apoptosis (3) . The basic concept is that inhibition of HDAC enzymes relieves gene repression by inducing the hyperacetylation of core histone proteins (2) , and several studies have shown altered gene expression upon treatment of cancer cells with HDAC inhibitors (4) . Nevertheless, how HDAC inhibitors mediate their diverse effects is not completely understood. Multiple mechanisms have been proposed to explain their anti-cancer activity. For example, acetylation of non-histone proteins is considered an additional mechanism that regulates their apoptotic ability (5) . It has been demonstrated that HDAC inhibitors are also involved in the reversible acetylation of non-histone proteins, such as p53, heat-shock protein (Hsp90), tubulin, various transcription factors, and other proteins (6) .
Currently available HDAC inhibitors fall into six structural classes. HDAC inhibitors induce differentiation, growth arrest, and apoptosis in cancer cells, whereas they are relatively non-toxic to normal cells (7) . SAHA (also known as Vorinostat) in phase I/II clinical trials is a prototype of the hydroxamate class, which inhibits class I and II HDAC enzymes with similar potency (5) . SAHA has a short half-life, but its effects on the cell are long lasting, with prolonged anti-proliferative response. Contrary to what might be anticipated by the widespread distribution of HDACs in chromatin, inhibition of HDAC activity by SAHA does not cause a global alteration in gene transcription in various transformed cell lines (4) . For these reasons, SAHA increased the expression of selected genes involved in cell-cycle regulation, tumor suppression, differentiation, and apoptosis (8) . Of note, SAHA has been shown to overcome multi-drug resistance in different cancer cells in vitro and to induce p53-independent apoptosis via the mitochondrial pathway (9) . SAHA mediated the cleavage and activation of the pro-apoptotic Bcl-2 family member Bid, resulting in the release of cytochrome c and reactive oxygen species (ROS) from the mitochondria into the cytosol (10) .
It is known that a tight chromatin structure prevents CDDP from accessing DNA. One possible strategy to reverse chromatin compaction is the use of chromatin-remodeling compounds. The best characterized compounds are HDAC inhibitors known to uncoil DNA through indirect hyperacetylation of histones. These notions led us to hypothesize that HDAC inhibitors could act as a chemosensitizer for CDDP at several steps. Our findings indicate that using HDAC inhibitors as a sensitizer in chemotherapy-based combination regimens may be a novel strategy to enhance the efficacy of anti-cancer therapy, which warrants further investigation. In addition, the mechanisms for CDDP resistance include the induction of DNA repair enzymes, overexpression of Bcl-2, and increased levels of reduced glutathione (GSH) and associated enzymes. The GSH-based redox system is the best known determinant of CDDP susceptibility. The apoptotic action of CDDP inversely correlates with the endogenous levels of GSH present in a reduced form or activities of GSH-associated enzymes in cancer cells. GSH could combine with CDDP to form a less toxic and more water-soluble glutathione conjugate, bis-(glutathionato)-platinum (11) . Conjugation of GSH to CDDP followed by the export of the conjugate by pump appears to be an important resistance mechanism by which cells eliminate CDDP from their cytosol, because the cytotoxicity of CDDP is thought to occur primarily through the induction of DNA damage initially caused by CDDP-DNA adducts (12) . In fact, increased concentrations of intracellular GSH are found in cells resistant to CDDP (11) . Treatments with agents that experimentally deplete or enhance the GSH content exacerbate or decrease CDDP toxicity, respectively. In this context, it has been showed that the HDAC inhibitor NaB depletes intracellular GSH in MCF-7 breast carcinoma cells (13) . Furthermore, GSH exhibits a large panel of actions in controlling gene expression, apoptosis mechanisms, or membrane transport (14) . In particular, the anti-oxidant property of Bcl-2 could be related to GSH because Bcl-2 expression or overexpression increases the GSH level in diverse cells (15) . Interesting trials to modulate the GSH level would increase the cancer cell response to CDDP treatment.
In this study, we report that SAHA cooperates in a highly synergistic manner with CDDP to inhibit HDACs and to induce GSH depletion, caspase activation, and cell-cycle specific apoptosis in oral squamous cell carcinoma cells. Based on the biological efficacy of SAHA or CDDP, we tried to analyze the effect of the combination of SAHA/CDDP, and it was anticipated that this therapeutic approach would be effective in oral squamous cell carcinoma cells. These observations may be clinically relevant for the further development of HDAC inhibitors in combination with DNA damaging agents.
Materials and methods

Materials.
We used a commercial preparation of CDDP (Nippon Kayaku, Tokyo, Japan). SAHA was purchased from Alexis Biochemicals (San Diego, CA). Nocodazole and thymidine were obtained from Calbiochem (La Jolla, CA). Caspase inhibitors z-VAD-fmk, DEVD-fmk, IETD-fmk, and LEHD-fmk were purchased from MBL (Nagoya, Japan). Diethyl maleate (DEM) was purchased from Wako Pure Chemicals (Osaka, Japan). Unless indicated otherwise, all other chemicals were obtained from Sigma (St. Louis, MO).
Cell culture. The human oral squamous cell carcinoma cell line HSC-3 (p53-deficient) was kindly provided by the Institute of Development, Aging and Cancer, Tohoku University. HSC-3 cells were grown in RPMI-1640 medium (Nissui Pharmaceutical, Tokyo, Japan) supplemented with 10% (v/v) heat-inactivated fetal calf serum and 0.2% sodium bicarbonate and antibiotics in a humidified 5% CO 2 atmosphere at 37˚C.
Cell treatments. Drug treatments consisted of SAHA or CDDP alone or in combination. For combination experiments (CDDP/ SAHA), cells were incubated with drugs at the indicated dose, either concomitantly (0) or sequentially, SAHA➝CDDP (-24), or CDDP➝SAHA (+24) for 48 h of CDDP treatment. For sequential treatments, the first agent was incubated for 24 h, prior to the introduction of the second drug.
Analysis of cell cycling and cell synchronization. Cell-cycle analysis was performed using flow cytometric evaluation of DNA content. Detached cells in the cultures were collected and combined with attached cells that were harvested at the indicated times by trypsinization. Cells were washed in medium, pelleted, resuspended in 70% ethanol and stored at -20˚C. Cells were then centrifuged, washed once in PBS, resuspended in PBS with DNase-free RNase and incubated at 37˚C for 20 min. After incubation, propidium iodide was added to a final concentration of 10 μg/ml and samples were allowed to stand at room temperature for a minimum of 15 min. Cell aggregates were removed by filtration prior to analysis. Cell-cycle analysis was performed on a FACSCalibur flow cytometer (Becton-Dickinson, San Jose, CA). The percentage of cells in each phase of the cell-cycle was determined from the DNA content histograms.
Exponentially growing cells were synchronized to the G 0 phase by serum starvation. Cells were maintained in RPMI-1640 medium with 0.2% serum for 3 days and refed with complete medium containing 10% serum. Cells were also treated with the specific cell-cycle inhibitors thymidine (2 mM) or nocodazole (0.5 μM) for 24 h to arrest cells in the S or G 2 phase, respectively. Cell-cycle profiles were analyzed every 2 h after respective treatments by flow cytometry and representative samples were chosen.
TUNEL assay. TUNEL assay was performed using a Mebstain apoptosis kit from MBL. Cells were collected by centrifugation, washed twice with washing buffer (PBS containing 0.2% BSA), and fixed in 4% paraformaldehyde in phosphate buffer on ice for 30 min. Cells were collected, washed with washing buffer, and fixed in 70% ethanol for 30 min at -20˚C. Cells were resuspended in reaction buffer containing FITC-dUTP and terminal deoxynucleotidyl transferase (TdT). Reactions were carried out at 37˚C for 1 h. After the reactions, cells were washed with washing buffer. FITC-positive cells were counted as apoptotic cells using FACSCalibur.
Assay for HDAC activity. HDAC activity assay was performed using an HDAC colorimetric activity assay kit (Biomol, Plymouth Meeting, PA) following the protocol provided by the supplier. Briefly, total cell lysates were incubated with 0.5 mM colorimetric histone deacetylase lysyl substrate for 30 min at 37˚C in a total volume of 50 μl. After incubation, 50 μl of 1X developer was then added to the sample and incubated at 37˚C for 15 min. Absorbance was measured at 405 nm using a colorimetric plate reader.
Measurement of caspase activity. Caspase activity was measured using a colorimetric assay kit from MBL. Synthetic peptides conjugated with p-nitroanilide served as substrates for measuring the activity of caspases. In brief, cells were scraped into PBS, pelleted at low speed, and resuspended in lysis buffer for 10 min at 4˚C. Cell lysates were cleared by centrifugation and assayed for caspase activity using Ac-DEVD-pNA, Ac-IETD-pNA, or Ac-LEHD-pNA peptide substrates, by incubation for 1 h at 37˚C. Activities were quantified spectrophotometrically at a wavelength of 405 nm. Caspase activity was expressed as the change in absorbance at 405 nm per mg cell lysate protein. To block caspase activity, the respective specific inhibitors were added at a concentration of 50 μM 1 h before exposure to CDDP or CDDP/SAHA.
Measurement of GSH levels.
To determine the total intracellular GSH content, cells were seeded in dishes, incubated overnight at 37˚C, and then with stimuli. After washing in ice-cold PBS, the cells were harvested in metaphosphoric acid (5%) by scraping on ice. The remnants obtained were centrifuged at 3,000 x g for 10 min. The supernatant was collected for reduced GSH measurement using a glutathione assay kit (Calbiochem) with crystalline GSH (Calbiochem) as standard. GSH levels were calculated from a GSH (prepared in 5% metaphosphoric acid) standard curve and expressed as GSH per mg cell lysate protein.
Statistical analysis.
Values are given as the mean ± SD. Multiple comparisons were performed with the Bonferroni/ Dunn test. P<0.05 was regarded as significant.
Results
Enhancement of CDDP-induced apoptosis by SAHA.
We first investigated whether concomitant administration of SAHA at a low dose affects CDDP-induced apoptosis of HSC-3 cells using flow cytometric analysis following TUNEL staining. Cells were either left untreated, or treated with CDDP (5 μg/ml) and/or SAHA (1.5 μM) for 48 h. The percentage of apoptotic cells in untreated controls was 4.5±0.3%. CDDP alone induced 34.3±1.6% of apoptosis, while SAHA alone induced 6.1±0.9% of apoptosis. Comparing with CDDP alone, the level of CDDPinduced apoptosis was significantly higher for the combination with SAHA (80.0±2.7%). Representative results of flow cytometric analysis are shown in Fig. 1 .
Involvement of caspases in the combined effect of CDDP/
SAHA. The activation of caspases is a hallmark of apoptosis in many cell types. To determine whether and which caspases are involved in the induction of apoptosis by CDDP/SAHA, cells were exposed to CDDP and/or SAHA for 24 h and in vitro caspase activity was measured using an enzymatic assay. As shown in Fig. 2A , both CDDP and CDDP/SAHA treatments were associated with significant increased activities of caspase-3. Furthermore, apparent activities of caspase-8 ( Fig. 2B ) and -9 ( Fig. 2C) were detected when treated with this combination (CDDP/SAHA), suggesting the induction of a favorable pre-apoptotic condition. Subsequently, the role of caspases in the apoptotic response to CDDP or CDDP/SAHA was evaluated by using the respective inhibitors (caspase-3, DEVD-fmk; caspase-8, IETD-fmk; or caspase-9, LEHD-fmk) or broad-spectrum irreversible caspase inhibitor (z-VAD-fmk). Pretreatment with 50 μM z-VAD-fmk prevented apoptosis induced by CDDP alone and the combination in a highly significant manner. As expected, the role of caspase-3, -8 or -9 activities in apoptosis induced by CDDP or CDDP/SAHA was confirmed by an experiment in which the respective inhibitors positively prevented apoptosis caused by both treatments, although with insufficient inhibition in CDDP/ SAHA treatment (Fig. 2D) . Thus, the sensitization of these cells by SAHA was accompanied by the activation of caspase-3, -8 and -9.
Inhibition of HDAC activity by SAHA. To verify that the SAHA (or CDDP) treatment used here was sufficient to influence HDAC activity, we directly measured HDAC activity by colorimetric assay. Total cell extracts were prepared from cells treated with SAHA (1.5 μM) or CDDP (5 μg/ml), and subjected to HDAC activity assay. Although SAHA caused a significant inhibition of HDAC at 4 h, HDAC activity was partially restored at 24 h (Fig. 3A) . Surprisingly, the decrease of HDAC activity was first detected after 4 h of incubation with CDDP, and maintained over the 24 h of incubation period in HSC-3 cells (Fig. 3B) . It is considered that ROS production by CDDP couples with histone deacetylase inhibition, which might be an important mechanism for inducing apoptosis in cancer cells.
Effects of cell-cycle synchronization on apoptosis triggered by SAHA. In a previous report (3), we suspected that the sequence efficacy of HDAC inhibitors observed might be associated with cell-cycle arrest caused by CDDP. To analyze whether cells of various cell-cycle phases respond differently to SAHA, we synchronized HSC-3 cells at the G 0 phase by serum deprivation, or at the S or G 2 phase by treatment with specific cell-cycle inhibitors, thymidine (2 mM), or nocodazole (0.5 μM) for 24 h, respectively. Fig. 4A shows the results of cell-cycle synchronization of cells cultured in different conditions. Flow cytometric analysis revealed that serumdeprived cells were arrested in the G 0 /G 1 phase of the cellcycle, with very few cells exhibiting DNA content of the S or G 2 /M phase, compared to asynchronous controls or synchronized cells at the S or G 2 phase.
Their respective synchronized cells were further treated for 48 h with SAHA at a concentration of 15 μM that induced significant levels of apoptosis as a single agent in asynchronous controls, reaching 34.6±7.8%. Significant increases (56.4±0.9%) in the proportion of apoptotic cells were observed when synchronized at the G 0 /G 1 phase by 72 h of serum deprivation before SAHA treatment (Fig. 4B) . In contrast, pretreatment of thymidine or nocodazole had no significant effects on SAHA-induced apoptosis, unlike under serum deprivation. Thus, cells synchronized at G 0 /G 1 are more susceptible to SAHA-induced apoptosis than their synchronized counterparts in other phases, suggesting that SAHA may have at least two targets: one that is cell-cycle specific and associated with CDDP-mediated cell-cycle arrest in the G 0 /G 1 phase and another, unrelated to the cell-cycle, which is responsible for triggering apoptosis indiscriminately and independently of the cell-cycle.
Roles of intracellular GSH in SAHA-mediated enhancement.
CDDP may behave as a GSH-sensitive drug in the sense that its toxicity is dependent on the intracellular GSH content (16) . Thus, the modulation of GSH level would alter the cell response to apoptosis induced by combined treatment with CDDP/SAHA. To verify the role of intracellular GSH in regulating apoptosis, we monitored the GSH level in HSC-3 cells treated with SAHA or CDDP. As shown in Fig. 5A , there was a gradual decline in the levels of GSH following exposure to 1.5 μM SAHA in a time-dependent manner. As CDDP has been shown to be a substrate for the GSH pathway, GSH levels after treatment with CDDP for 24 h were monitored. Treatment with CDDP decreased the intracellular GSH content to some extent (Fig. 5A) . As intracellular GSH contents were significantly decreased in cells after 24 h of treatment with an inhibitor of GSH synthesis, DEM (10 mM) (Fig. 5B) , the importance of GSH depletion as a mediator of apoptosis induction in our experimental conditions was examined using DEM in CDDP-treated cells. As expected, pre-incubation (1 h) with a sub-toxic concentration (0.5 mM) of DEM significantly cooperated with CDDP to induce apoptosis (Fig. 6A) . Since DEM alone did not induce apoptosis, it is obvious that DEM is able to augment the potency of CDDP. To our surprise, DL-buthionine-(S,R)-sulfoximine (BSO), which acts as an irreversible inhibitor of Á-glutamylcysteine synthetase, failed to increase significantly the susceptibility of HSC-3 cells to CDDP-induced apoptosis, in spite of its ability to lower GSH levels in those cells (Figs. 5B and 6A). We further examined the apoptosis of cells when sequentially treated with DEM before (-24) and after (+24) incubation with CDDP as well as treatment with SAHA in a similar order, compared to the effect on apoptosis induced concomitantly (0) (Fig. 6B) . compared to combinations of other orders. Taken together, these results indicated that the depletion of intracellular GSH plays a role in apoptotic enhancement caused by SAHA.
Discussion
More evidence indicates that a single drug with satisfactory efficacy is rare in cancer therapy and therefore combination therapy using two or more chemotherapeutic agents is one of the most common strategies used in current oncology. Multiple studies of combination chemotherapy, however, have shown limited success with a variable response rate and no significant impact on survival. This draws attention to other partners with the ability to modulate the response of cancer cells to classical chemotherapeutics. With rare exceptions, attempts to combine so-called targeted agents as prevalent partners with standard cytotoxic chemotherapy in advanced cancer have yielded disappointing results. Studies on both laboratory models and in early patient trials have demonstrated that HDAC inhibitors may be a potentially exciting development in cancer therapy (17) . Unlike conventional chemotherapeutic agents that often cause DNA damage in both cancer and normal tissues, HDAC inhibitors display strong cancer selectivity and cause less toxicity to normal tissues (7) . The synergistic combination of HDAC inhibitors with existing therapeutic agents to reduce drug doses or to overcome drug-resistance phenotypes is yet another strategy that warrants clinical evaluation. In this study, we described the mechanisms of sensitization of oral squamous cell carcinoma cell line HSC-3 to CDDP by the HDAC inhibitor, mainly SAHA. This study is the first demonstration of a connection between the position of cancer cells in the cell-cycle, their cellular GSH redox status, and their apoptotic death, in CDDP/SAHA combination experiments.
Treatment with CDDP alone or in combination with SAHA resulted in a significant increase in the activation of caspase-3 ( Fig. 2A) . As the addition of pan-caspase or caspase-3 inhibitor decreased the apoptosis induced by CDDP or CDDP/SAHA (Fig. 2D) , caspase-3 could be the actual executive caspase in this experimental system. It is interesting to note that CDDP/ SAHA activated caspase-8 and -9 in addition to caspase-3 (Figs. 2B and C) and the use of specific caspase-8 or -9 inhibitor resulted in decreased apoptosis induced by the combination of CDDP/SAHA (Fig. 2D) , suggesting that both CDDP and SAHA are potentially capable of initiating the mitochondrial death pathway directly and inducing cancer cell death under certain conditions (18, 19) . One study has shown that both caspase-8 and -9 can be activated downstream of each other in drug-induced apoptosis (20) . Caspase-9 has been shown to activate caspase-8 in a caspase-3-dependent manner (21, 22) . Caspase-8 may also activate the mitochondrialdeath pathway and caspase-9 through the cleavage and translocation of Bid to mitochondria (23) . In the end, each agent may be acting through a mitochondrial-dependent amplification loop, as suggested in other cells (24) . CDDP/SAHA-induced apoptosis is not completely inhibited by the respective caspase inhibitors, possibly because Bid could continually play a role in the amplification loop. These results support the idea that both caspases are important in determining synergism, and that SAHA possibly lowers the threshold of CDDP-mediated mitochondrial injury and subsequent activation of the caspase cascade.
In a previous report, when cells were exposed to both drugs concomitantly or sequentially, even concomitant treatment and post-treatment with SAHA were effective in apoptotic induction (3) . Thus, we speculated that cells arrested in G 0 /G 1 by CDDP were vulnerable to the enhancement of CDDPinduced apoptosis by HDAC inhibitors (NaB and SAHA). Most anti-cancer drugs that induce apoptosis target the events specific for the cell-cycle, so the analysis of apoptosis with respect to the cell-cycle position is of particular interest. CDDP retards cell-cycle progression by induced accumulation in the G 1 phase and the concomitant reduction of cells in the S phase, respectively, of the cell-cycle in a dose-dependent manner (25) . The induction of p21 waf1/cip1 altered the progression of the cell-cycle and arrested cells at the G 1 phase through blocking cyclin-dependent kinase (CDK4) activity, and promoted the occurrence of apoptosis (26) . Exposure to CDDP (2.5 μM) for 24 h enhanced p21 waf1/cip1 protein expression in a human non-small cell lung cancer cell line (H1299) unaccompanied by bromodeoxyuridine incorporation, which suggests an arrest in G 1 (27) . H1299 cells are p53 mutated similar to HSC-3 cells, and the p21 gene seemed to be regulated by p53-independent factors (28) . Attempts at cell-cycle synchronization instead of cell-cycle arrest by CDDP seemed to be a way to demonstrate the selective (apoptotic) effects of SAHA. Serum deprivation stress is a commonly used method to synchronize the cell state at the G 0 phase of the cell-cycle (29) . When cells synchronized at the G 0 phase by serum deprivation were treated with the apoptosis-inducible concentration of SAHA and completed medium, a significant increase in apoptotic cells was observed compared to when cells were synchronized at the S or G 2 phase by treatment with thymidine or nocodazole (Fig. 4) . These results suggest that treatment potency with SAHA is at least in part specific to the cell-cycle, and cells in the G 0 /G 1 phase are more susceptible to SAHA. Likewise, when colon cancer (SW480) and lung cancer (H460) cell lines were examined for their sensitivity to TRAIL after arrest in different cellcycle phases, it was found that the arrest of cells in the G 0 /G 1 phase confers significantly higher susceptibility to TRAILinduced apoptosis as compared to cells in the late G 1 , S, or G 2 /M phase (30) . It is considered that cell activation from the G 0 quiescent stage into the G 1 phase and concomitant induction of RNA synthesis significantly increases the efficiency of cell death machinery. A possible explanation for the relative protection of cells in the S or G 2 /M phase might be that the apoptosis machinery of cells in these phases during actual DNA synthesis or cell division is not available to respond to death signals coming from SAHA.
The increase of intracellular GSH levels was shown to accompany the acquisition of cell resistance to CDDP, while the depletion of cellular GSH can sensitize resistant cells to CDDP toxic action (16) . GSH is an abundant natural tripeptide found within almost all cells and is transported to the mitochondria, where it plays a protective role as an ROS scavenger (31) . Furthermore, GSH binds covalently to CDDP at physiological concentrations and can inhibit the conversion of platinum-DNA monoadducts to potentially cytotoxic crosslinks. CDDP-GSH conjugates are exported by an ATP-dependent pump. Thus, chemical depletion, physical efflux from the cell, or intracellular redistribution of GSH is associated with the onset of apoptosis in some cell lines. We found that SAHA treatment might cause GSH reduction to increase CDDP sensitivity (Fig. 5A) . Furthermore, GSH inhibitors DEM and BSO enhanced the responses to CDDP at different efficiencies (Fig. 6A) . The HDAC inhibitor NaB is known to induce several gene products (glutathione-S-transferases and/or glutathione peroxidases) that modify cellular GSH metabolism, and trigger GSH depletion (32) . On the other hand, the cyclic depsipeptide FK228, known as a highly potent HDAC inhibitor, has been found to undergo reduction at the disulfide linkage by cellular GSH, resulting in the decrease of GSH, and this reduced product is significantly more potent than the parent compound (33) . The sulfhydryl moiety of GSH can be conjugated to electrophilic compounds including some anti-cancer drugs through glutathione-S-transferase activities. These results clearly indicate that GSH depletion plays an important role in HDAC inhibitor-induced events of cell-cycle arrest and apoptosis. In addition, GSH depletion might enhance cell death by facilitating the accumulation of ROS (34) . CDDP acts as a pro-oxidant agent, and SAHA depletes intracellular GSH, thus suggesting an important role of the GSH level in sensitizing cells to CDDP-induced apoptosis. In addition, the intracellular redox buffering capacity is primarily substantiated by GSH and a dithiol-reducing redox regulatory protein, thioredoxin (TRX). Increased expression of TRX protects cells from apoptosis induced by CDDP in concert with GSH within cells (35) . Thioredoxin-binding protein-2 (TBP-2) associates with the active (reduced) form of TRX. Binding of TBP-2 to TRX inhibits thiol-reducing activity and reduces the level of TRX (36) . As a candidate for another function of SAHA, it was found that cancer cells (T24, MCF-7, and ARP-1) cultured with SAHA for 15 h or longer have decreased levels of TRX mRNA, which coincides with the induction of TBP-2 mRNA (37). It is clear that the inhibition of these intracellular redox systems should be taken into account as one mechanism mediating the enhancing effects of SAHA or, conversely, that increased activity of the systems may be a means by which cancer cells can develop a disadvantage for this compound.
As mentioned above, we found that GSH decrease could be responsible for increased apoptosis induced by CDDP/ SAHA. In this study, both DEM and BSO as GSH-depleting agents were used to substantiate apoptotic events in cells (38, 39) . Concomitant exposure (CDDP/DEM) rendered cells more highly susceptible to CDDP-induced apoptosis than pre-and post-exposure to DEM, whereas BSO exposure had only a small effect on CDDP-induced apoptosis in spite of its ability to lower GSH levels in those cells (Figs. 5B and 6). Although both DEM and BSO are widely used as GSH depleting agents, these agents are known to deplete cellular GSH via different mechanisms (40) . DEM is a weak electrophile that inactivates all preformed subcellular pools of GSH by forming a DEM-GSH complex in a reaction catalyzed by glutathione-S-transferase. It has been suggested that DEM administration depletes both cytosolic and mitochondrial GSH pools in vitro, as supported by the profound loss of GSH in treated cells (41) . By contrast, it was shown that BSO, a specific inhibitor of Á-glutamylcysteine synthetase, which is the rate-limiting enzyme in GSH synthesis, does not lower GSH levels in mitochondria because BSO does not penetrate mitochondria. Thus, it is possible that BSO exposure had only a small effect on CDDP-induced apoptosis because mitochondrial GSH synthesis is protected from inhibition by this treatment.
In conclusion, our results indicate that the combination of CDDP with SAHA results in synergistic anti-cancer activity in some types of cancer cells. We have clarified dual mechanisms by which SAHA sensitizes cancer cells to CDDP. One mechanism involves potency by which SAHA treatment is at least in part specific for the cell-cycle, and cells in the G 0 /G 1 phase are more susceptible to SAHA. In addition, we have found that SAHA treatment might cause alteration of the cellular GSH status to increase CDDP sensitivity. These important findings could help optimize anti-cancer treatments based on platinum compounds. Possibly of greater potential value is the interaction of a conventional cytotoxic drug (CDDP) and a chemosensitizer (SAHA), thereby allowing the use of less toxic doses of chemotherapy for the treatment of oral squamous cell carcinoma.
